The connexins form a family of membrane spanning proteins that assemble into gap junction channels. The biophysical properties of these channels are dependent upon the constituent connexin isoform. To begin identifying the molecular basis for gap junction channel behavior in the human heart, a tissue that expresses connexin43, we used site-directed mutagenesis to generate mutant cDNAs of human connexin43 with shortened cytoplasmic tail domains. Premature stop codons were inserted, resulting in proteins corresponding in length to the mammalian isoforms connexin32 and connexin26, which are expressed primarily in liver. AU constructs restore intercellular coupling when they are transfected into SKHep1 cells, a human hepatoma line that is communication deficient. Whereas wild-type connexin43 transfectants display two distinct unitary conductance values of about 60 and 100 pS, transfectants expressing the mutant proteins, from which 80 and 138 amino acids have been deleted, exhibit markedly different single-channel properties, with unitary conductance values of about 160 and 50 pS, respectively.
Junctional conductance of channels composed of wild-type connexin43 is less voltage-sensitive compared with transfectants expressing wild-type connexin32. However, neither of the connexin43 truncation mutants alters this relative voltage insensitivity. These results suggest that the cytoplasmic tail domain is an important determinant ofthe unitary conductance event of gap junction channels but not their voltage dependence. Furthermore, since the mutant connexins are missing several consensus phosphorylation sites, modification of these particular sites may not be required for membrane insertion or assembly of human connexin43 into functional channels.
Gap junctions are specialized regions of adjoining cell membranes typically composed of numerous intercellular low resistance channels. Each channel is thought to consist of 12 connexin monomers, which assemble as coaxially aligned pairs of hexameric hemichannels. By permitting the passage of ions and chemical mediators from cell to cell, gap junction channels are likely to play a major role in a wide variety of cellular processes, including embryogenesis, cellular differentiation and development, and electrotonic coupling (for reviews see refs. 1 and 2). The connexins constitute a family of proteins whose expression is tissue specific and developmentally regulated (3) (4) (5) (6) (7) . This diversity presumably reflects the temporal and/or spatial requirement of different tissues for the unique biophysical properties associated with channels assembled from particular connexin isoforms. These properties include the unitary conductance value, as well as channel gating characteristics in response to transjunctional potential, intracellular pH or Ca2+ concentration, and second messenger molecules.
There is considerable speculation about the structural domains of connexins that determine their unique functional characteristics (8) . Theoretical modeling based on sequence analysis, as well as comparison to other classes of proteins, such as those that form the ion-specific channels, suggest possible molecular mechanisms that confer specific channel properties. We have previously described the use of stable transfection of a communication-deficient human hepatoma cell line (SKHepl) to determine the biophysical properties of channels composed of exogenous connexins (9, 10) . Transfection of the cDNA encoding human connexin43 protein resulted in clones that became functionally coupled, as evaluated by both the intercellular diffusion of Lucifer yellow and direct electrophysiological measurements. Singlechannel recordings revealed a unitary conductance value for channels formed by the human connexin43 protein that were similar to those previously reported for cardiocytes from other mammals (9) .
Here we describe the further analysis of cell lines that express wild-type human connexin43, as well as carboxyterminal truncation mutants of connexin43 that correspond in length to the cytoplasmic tails found in two other mammalian gap junction proteins, connexin32 and connexin26. Intercellular coupling is restored in cell lines expressing either of these truncation mutants; however, the unitary conductance values differ from those channels formed from full-length human connexin43. No appreciable difference in transjunctional voltage sensitivity is apparent among the three cell lines. These results suggest that the cytoplasmic tail domain is an important determinant of the unitary conductance event, but it does not influence transjunctional voltage sensitivity and is not necessary for assembly of human connexin43 into functional channels.
METHODS
Site-Directed Mutagenesis. Isolation and characterization of clones representing a full-length human cardiac gap junction (HCGJ, human connexin43) cDNA have been described previously (9) . Site-directed mutagenesis was performed by using a modification of the protocol of Kunkel (11) . Specific mutagenic oligonucleotides were designed to result in premature stop codons, replacing either the aspartic residue at position 245 or the lysine residue at position 303. To facilitate identification of clones harboring mutants, new restriction enzyme sites were also encoded by the oligonucleotides. Mutations were then confirmed by dideoxy sequencing.
Construction of Eukaryotic Expression Plasmids. All plasmids were derived from the Rous sarcoma virus (RSV) expression vector pRSVCAT (26) . The wild-type human connexin43 expression plasmid pGF1 has been described previously (9) . Plasmids pGF4 and pGF5 were created by replacing a fragment ofpGF1 with the corresponding mutated fragments that contained the premature stop codons. Cell Culture and DNA Transfections. SKHepl cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (HyClone), penicillin at 50 international units/ml, streptomycin at 50 pug/ml, and 2 mM L-glutamine. Cells were cotransfected with the pGF expression vector (25 ,mg) and the dominant selectable marker pSV7Neo (2.5 pug), using a modification of the calcium phosphate coprecipitation technique (12) (13) (14) . Selection was begun 24 hr after transfection with the addition of G418 (Geneticin, GIBCO) to the medium at 400 Ag/ml, and individual colonies were picked by using cloning rings and subsequently analyzed.
Electrophysiology. Clones were screened for the presence of gap junction channels by the ability to transfer Lucifer yellow dye; positive clones were then further analyzed for electrical coupling, as previously described (9) . Briefly, cells were plated onto 1-cm coverslips and experiments were performed at room temperature while continuously exchanging the bath solution (160 mM NaCl/7 mM CsCl/0.1 mM CaCI2/0.6 mM MgCl2/1.0 mM Hepes, pH 7.2). Each cell of a pair was voltage clamped at -40 mV by using heat-polished patch pipettes filled with a solution at pCa 8 (135 mM CsCl/0.5 mM CaCl2/2 mM MgCI2/5.5 mM EGTA/5 mM Hepes-KOH, pH 7.2). Cell pairs were uncoupled by the addition of halothane (1.5-2.0 mM) to the bathing solution (15) . Under conditions of reduced junctional conductance, single-channel currents were recorded at high gain while imposing a constant transjunctional driving force of mV. Currents and voltages were continuously monitored on a four-channel chart recorder (Gould, Cleveland, OH) and recorded on videotape after digitization (Neurocorder, New York).
RESULTS
Eukaryotic Expression Plasmids Are Integrated into the Genome. For each construct (pGF1, pGF4, and pGF5), one or more independent clonal lines were selected on the basis of transfer of Lucifer yellow dye and then expanded for further study. Chromosomal integration of the expression plasmid was confirmed for clonal lines containing each of the three constructs (pGF1, pGF4, and pGF5) by genomic blot hybridization, as shown in Fig. 1 . Genomic DNA prepared from either human fetal brain or nontransfected SKHepl cells shows two bands in both the EcoRI lane and BamHI lane, corresponding to the true human connexin43 gene and a processed pseudogene (9) . Genomic DNA prepared from a pGF1 transfectant (pGF1-1) shows new bands of the predicted size whose intensity would result from integration of -10 copies of the expression plasmid. A similar copy number is seen in a clone harboring pGF4 (pGF4-10), whereas a pGF5 clone (pGF5-8) contains a single copy. Clone pGF4-4, which was G418 resistant, did not demonstrate dye' transfer or electrical coupling and did not integrate the expression plasmid.
Transcription Is Driven by the RSV Long Terminal Repeat (LTR). Expression of all three pGF cDNAs is directed by the RSV LTR, with termination, splicing, and polyadenylylation supplied by the 3' simian virus 40 signals (16) . Because the connexin43 coding region but not the entire 3' untranslated region is included in these expression plasmids, fully processed transcripts are significantly shorter (2.7 kb) than the endogenous (3.1 kb) connexin43 mRNA. Northern blot analysis has been used previously to demonstrate this distinction in size, as well as to document the absence of connexin43 mRNA in nontransfected SKHepl cells (9) . To increase our sensitivity and further rule out the possibility of endogenous expression of connexin43 mRNA in nontransfected SKHepl cells, S1 nuclease studies were carried out (17) . An endlabeled single-stranded probe was prepared that includes portions of the RSV LTR and the human connexin43 cDNA. -.
-. The strategy for distinguishing between mRNA transcribed from the expression plasmid and from endogenous connexin43 mRNA is shown in Fig. 2A Fig. 4 , channels composed of the wild-type connexin43 were relatively voltage insensitive, with .in, the normalized minimal conductance, =0.4 and V0, the voltage at which gj is reduced by 50%, > 50 mV. Despite progressive deletion of the cytoplasmic tail, the transjunctional voltage sensitivity of the resulting channels was not appreciably altered.
DISCUSSION
This paper describes the use of eukaryotic transfection and site-directed mutagenesis to begin structure/function analysis of the HCGJ channel. Previously, we reported that channels formed from human connexin43 expressed exogenously in a communication-deficient cell line demonstrated unitary conductance properties typical for channels composed of connexin43 monomers (9) . Thus, despite expression within the cellular environment of a hepatoma, these cells exhibited a "cardiac" phenotype with respect to cellular coupling. This included a unitary conductance value of -60 pS, which we now show to be only weakly voltage dependent. Interestingly, additional recordings of SKHepl cells transfected with pGF1 also demonstrate a channel size of -100 pS. Although not initially recognized, this observation of two channel sizes represents the first (to our knowledge) demonstration that expression of a single gap junction protein can result in two stable conductance levels. In light of recent studies which demonstrate that connexin43 is a phosphoprotein (18, 19) , it should be informative to investigate the possible role of phosphorylation in modulating the equilibrium between these two unitary conductances.
The intracellular domains of the various connexin isoforms, particularly the cytoplasmic loop or hinge region and the cytoplasmic tail, are the most divergent regions of this family of proteins. It has been suggested that these differences in sequence may account for individual channel properties, such as unitary conductance values and gating behavior (8) . We therefore began our structure/function analysis by modifying the single most divergent region, the cytoplasmic tail. The truncation mutants presented here were designed to resemble in length, but not in sequence, the cytoplasmic tails found in either connexin32 or connexin26. The conductance properties of channels formed from either of these two truncation mutants differ significantly. Channels composed of pGF5 have a measured unitary conductance value of 160 pS. This is of interest because the length of the pGF5 cytoplasmic tail domain approximates that of the wild-type connexin32 protein, whose channels have a similar unitary conductance, as determined in several cell types and expression systems, including acinar cells (20) , isolated liver junctional membranes incorporated into lipid bilayers (21, 22) , and SKHepl cells transfected with connexin32 cDNA (10) .
This result suggests that the cytoplasmic tail plays an important role in determining the unitary conductance event.
Measurements of the unitary conductance value for channels containing exclusively connexin26 have not yet been reported, reflecting the inability to identify a tissue that expresses predominantly this isoform. Channels composed of Unitary junctional conductance (pS) directly affect the presumptive channel-forming region-i.e., the amphipathic third membrane-spanning domain-it appears that conformational changes related to the length of the cytoplasmic tail can significantly alter the rate of ion permeation through the channel pore.
While the unitary conductance event is markedly influenced by the size of the cytoplasmic tail, the transjunctional voltage-conductance relationship appears unaltered by truncation of this domain. Inasmuch as no homologue to the S4 voltage-sensing domain (23) of the sodium channel is found in any of the connexin proteins, the basis for and variation in transjunctional voltage sensitivity of different gap junction channels remain speculative. Our results, however, suggest that the cytoplasmic tail is not involved in modulating the gating response to transjunctional potential.
The system described in this report, exogenous expression of site-directed mutants, has been used to dissect the structure-function relationship of numerous families of proteins, including the ,3-adrenergic receptor (24) and various ionselective channels (23, 25) . By transfecting mutant cDNA constructs into a communication-deficient cell line, we have now extended this kind of analysis to the connexin family of proteins. Our hope is to characterize the precise features of these and other channel-forming proteins that determine their unique functional properties, such as the unitary conductance event, gating behavior, and ion selectivity. In so doing, the molecular determinants of channel biophysics should become better understood. 
